1. Introduction {#sec1}
===============

The emergence of human immunodeficiency virus (HIV) disease was initially reported in 1981 followed by the identification of the HIV as the cause of the disease in 1983. HIV is a global pandemic that has become the leading infectious disease killer of adults worldwide. In 2006, more than 65 million people had been infected with HIV worldwide and 25 million had died of HIV. In 2007, it was estimated that 33 million people were living with HIV with 2.7 million new infections and 2 million deaths each year. This has caused tremendous socioeconomic damage worldwide. In the USA, this condition afflicts the African American population in a disproportionate fashion although all racial and ethnic groups are afflicted \[[@B1]\]. There are new modalities of treatment including bone marrow transplantation \[[@B2]\], the "Berlin Patient" receiving transplantation with cells conferring HIV resistance \[[@B3]\], and members of the Visconti cohort who seem to be free of HIV infection after stopping antiretroviral therapy \[[@B4]\]. However, all of the above-mentioned modalities of treatment are raising complex ethical issues \[[@B5]\], and it will take years before being fully implemented if approved.

Among individuals living with HIV, the proportion of deaths attributed to chronic noninfectious comorbid diseases has increased over the past 15 years. This is partly a result of increased longevity in the area of highly active antiretroviral therapy (HAART) and also because HIV infection is related, causally or otherwise, to several chronic conditions. These comorbidities include conditions that are strongly associated with modifiable risk factors, such as diabetes and cardiovascular, renal, and bone diseases \[[@B6]\].

This review focuses on HIV-induced osteoporosis within the context of microRNAs (miRNAs) by reviewing first basic concepts of bone biology as well as current knowledge of the role of miRNAs in bone formation. The literature on miRNAs and HIV and bone is scarce when compared to miRNAs and bone biology. Evidence that HIV-associated osteoporosis is in part independent of therapies employed to treat HIV (HAART) is supported by cross-sectional and longitudinal studies and elegantly recently reviewed \[[@B7]\]. A recent publication strongly supports such evidence, namely, a population-based cohort study that revealed a strong association between HIV infection and hip fracture incidence, with an almost fivefold increased risk in the HIV patients which was found to be independent of sex, age, smoking, alcohol drinking, and comorbidities \[[@B8]\]. The effect of HAART in bone biology is beyond the scope of this review.

2. Bone Biology {#sec2}
===============

Bone is formed through two distinct phases: endochondral ossification, where cartilage is replaced by bone, and intramembranous ossification where bones are shaped directly from condensation of mesenchymal cells without intermediate cartilage. Bone is continuously remodeled throughout life, and an imbalance in this process can result in bone disease.

The balance between osteoblast bone matrix deposition and osteoclast-mediated bone resorption is an essential feature of homeostatic bone remodeling. This process allows the regulation of skeletal growth and repair and the maintenance of skeletal integrity. Osteoblasts and osteoclasts are derived from different cell lineages, with osteoblasts being formed by the differentiation of mesenchymal stem cells (MSCs) precursors and osteoclasts derived from hematopoietic stem cells.

Mesenchymal stem cells are pluripotent cells that arise from different tissues sources. Bone marrow stromal cells are able to differentiate into several mesenchymal cell types, including osteoblasts, myocytes, chondrocytes, neurons, and adipocytes \[[@B9]\]. Osteogenic differentiation of MSCs is driven by intercellular signaling systems that include bone morphogenic proteins (BMPs), Wnt ligands, transforming growth factor-*β* (TGF-*β*), fibroblast growth factor (FGF), hedgehog signaling pathways, hormones, cytokines, and other growth factors \[[@B10]--[@B12]\]. In addition, this process is also controlled at the genetic and epigenetic level including transcriptional regulation by DNA methylation, nucleosomal modifications, and protein modifications \[[@B13]\]. MSCs differentiation is a tightly regulated process that remains under investigation. Incomplete understanding of MSCs differentiation represents a potential challenge in the understanding of HIV-associated osteoporosis.

TGF-*β*/BMPs have been widely recognized as playing an intricate role in bone formation during mammalian development \[[@B10], [@B12]--[@B14]\]. Their signaling transduction is through both canonical Smad-dependent pathways (TGF-*β*/BMP ligands, receptors, and Smads) and noncanonical Smad-independent signaling pathways (e.g., p38 mitogen-activated protein kinase pathway, MAPK). Following TGF-*β*/BMP induction, both the Smad and p38 MAPK pathways converge at the Runt-related transcription factor 2 (Runx2) gene to control mesenchymal precursor cell differentiation \[[@B11]\].

Runx2, also known as Cbf*α*1, Osf2, and AML3, is considered as the first master transcription factor responsible for the acquisition of osteo-chondrogenic characteristics and for the concomitant repression differentiation towards the adipocytic phenotype \[[@B12]\]. Downstream of Runx2 the fate of the bone precursor is mainly determined by the expression of Osterix (Sp7). Osterix belongs to the Sp subfamily of Sp/XKLF transcription factors. Osterix acts in a complex with the nuclear factor of activated T-cells-C1 (NFATc1) and activates the transcription of bone-related genes, including collagen type 1 (COL1A1) and osteocalcin (BGLAP) \[[@B15]\]. The importance of this bone-specific transcription factor in osteoblast differentiation and bone formation has been demonstrated in Osterix null-mice, where, while the ability to form cartilage was retained, bone formation was impaired due to the complete absence of osteoblasts \[[@B15]\].

Except for BMP-1, all BMPs belong to the transforming growth factor-*β* (TGF*β*) superfamily \[[@B16]--[@B19]\]. BMPs enhance the expression of alkaline phosphatase (ALP), parathyroid hormone (PTH), PTH-related protein receptor (PTHrP), type I collagen and osteocalcin by signaling through other TGF-*β* superfamily members, which are serine/threonine kinase receptors \[[@B10]\]. Smad transcription factors are substrates for the receptor kinases and thus involved in osteoblast differentiation. Among the BMP2-induced genes important for osteoblast development is the zinc finger transcription factor, Osterix described above. Further upstream in this pathway is the cell cycle checkpoint protein and tumor suppressor p53 \[[@B20]\]. Deficiency in p53 leads to osteoclastogenesis \[[@B20]\] in P53^−/−^ mice. Noggin, also known as NOG, prevents BMP2 receptor binding, providing a tool to interrupt the BMP-p53-Cbfa1-Osterix axis in the osteoblast lineage \[[@B21]\]. In addition to Runx2, PPAR*γ* (peroxisome proliferators activator receptor), another transcription factor, drives a proadipogenic phenotype \[[@B22]\]. Alterations in the ratio of osteoblasts to adipocytes generated from MSCs have been clinically linked to decreased bone mass, with an increase in bone marrow adipocyte content observed in both osteoporosis and osteopenia \[[@B22], [@B23]\]. Other conditions which lead to bone loss, such as treatment with glucocorticoids \[[@B22], [@B24]\], have also been shown to increase the number of bone marrow adipocytes.

Wnt/*β*-catenin \[[@B25]\] promotes new bone formation by functioning as a positive regulator of osteoblasts \[[@B26]--[@B28]\] and by upregulating osteoprotegerin (OPG) \[[@B29]--[@B31]\] and downregulating the receptor activator of nuclear factor *κ* ~*B*~ ligand (RANKL) \[[@B30], [@B32]\], which are both important in osteoclastogenesis. Wnt/*β*-catenin signaling in the osteoblast lineage is activated by binding of canonical Wnt ligands, such as Wnt3a, to a membrane-bound receptor complex that consists of Frizzled and low-density-lipoprotein receptor-related protein 5/6 (LRP5/6). Canonical Wnt ligands inhibit the degradation of *β*-catenin in the cell nucleus where it cooperates with transcription factors of the T-cell factor/lymphoid enhancer factor family in regulating target gene expression \[[@B33], [@B44]\]. In humans subjects diminished Wnt/*β*-catenin signaling because loss of function in LRP5 leads to osteoporosis \[[@B35]\].

Development of osteoclasts proceeds within the local microenvironment of bone. Several lines of evidence indicate that osteoclast progenitors are hematopoietic cells of the monocyte/macrophage lineage. Macrophage colony-stimulating factor (M-CSF) \[[@B36]\] also known as colony stimulating factor-1 (CSF-1) is produced by osteoblasts/stromal cells and plays an essential role in osteoclast development. The discovery of the tumor necrosis factor-ligand family has clarified the precise mechanism by which osteoblasts/stromal cells regulate osteoclast differentiation and function. OPG \[[@B37]\] is a secreted protein expressed by a wide range of cells including those in the heart, kidney, lung, and especially osteoblastic cells. OPG is a potent negative regulator of osteoclastogenesis. Its ligand was identified and originally named osteoprotegerin ligand (OPGL). This ligand was later identified as RANKL, a member of the TNF superfamily of ligands. Unlike OPG, RANKL is a potent positive regulator of osteoclastogenesis by binding to its own receptor RANK \[[@B38]\]. The discovery of the OPG-RANK-RANKL axis defined the hallmark mechanism of osteoclastogenesis \[[@B39]\]. RANKL is expressed in osteoblasts and forces the cells to physically interact with osteoclastic precursors in order for RANKL to bind to its receptor RANK. To negatively regulate this mechanism, OPG is expressed by osteoblasts and acts as a decoy receptor to compete with RANKL for RANK \[[@B40]\]. Thus, this axis allows osteoblasts to directly regulate osteoclasts both positively and negatively. Fas-ligand (FASGL or CD95L) is a type-II transmembrane protein that belongs to the tumor necrosis factor (TNF) family. Its binding with its receptor induces apoptosis, and there is evidence as described below to play a role on osteoclasts mediated by the action of estrogens \[[@B41]\].

3. Pathophysiology of Osteoporosis {#sec3}
==================================

Osteoporosis is a systemic skeletal disease characterized by low bone mass and microarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and susceptibility to fracture. The disease is characterized by an imbalance of bone remodeling favoring osteoclastic bone resorption. Bone strength is affected by two main factors, namely, bone density and bone quality. Using dual energy X-ray absorptiometry (DEXA), a patient can be evaluated for bone mineral density (BMD).

Today the literature of miRNAs in osteoporosis is scarce but becoming available. There are examples of both inhibition of osteblastogenesis as well as osteoclastogenesis. For instance, Wnt inhibitors targeted by miRNAs (miRNA 218) have been described in the literature \[[@B42]\] as well as inhibition of the action of specific miRNAs (miRNA-148a) from blocking key players like transcriptor factor V-maf musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) and thus promoting a proosteoclastic profile \[[@B43]\]. Osteoporosis is commonly associated with postmenopausal women and to a lesser extent elderly men. The induction of miR-21 during osteoclastogenesis is antagonized by estrogen \[[@B41]\]. Estrogen normally reduces miR-21 expression in osteoclasts, and this reduction depresses the expression of miR-21 target Fas-ligand \[[@B41]\] (FASLG). This finding suggests that miR-21 may play a role in reducing bone resorption in premenopausal women with robust estrogen levels \[[@B44]\]. The high incidence of osteoporosis in postmenopausal women is due to the change in hormonal balance associated with menopause. Estrogen, a potent endocrine hormone linked to osteoporosis, has been demonstrated to bind osteoblastic cells and suppress the expression of several paracrine proosteoblast factors including interleukin-1 (IL-1), IL-6, and tumor necrosis factor-*α* (TNF*α*) \[[@B45]\]. Furthermore, estrogen can increase OPG and inhibit RANKL expression, thus explaining the osteoporosis seen in menopause \[[@B46]--[@B49]\]. Estrogen has been shown to inhibit the transcription factor Egr-1 (early growth response protein-1) which in turn increases the production of M-CSF and thus bone resorption \[[@B50], [@B51]\]. All of these molecules are expressed by osteoblasts which can bind to osteoclasts suggesting that estrogens can indirectly affect intracellular communication between osteoclasts and osteoblasts, but more investigation is required for this last statement.

4. Biology and Function of miRNA {#sec4}
================================

miRNAs have been involved in almost every biological process, including development timing, cell differentiation, cell proliferation, cell death, metabolic control, transposon silencing, and antiviral defense \[[@B52]\]. In humans, a significant number of miRNAs have been identified which are evolutionarily conserved \[[@B53]\]. About 40--90% of the human protein encoding genes are under miRNA-mediated gene regulation \[[@B54]\]. miRNA genes are found as single or clustered transcription units and expressed from the intron regions of protein-coding or non-protein-coding genes \[[@B55], [@B56]\]. Some are expressed as independent transcription units. The steps involved in miRNA synthesis include the generation of a primary miRNA in the nucleus. The miRNA is then processed into a stem-loop-structured pre-miRNAs. The pre-miRNA is then transported into the cytoplasm and cleaved. At this point, the double-stranded miRNA is transient and subsequently incorporated into a multicomponent protein called the RNA-induced silencing complex (RISC) containing the Argonaute 2 protein. In the end, one strand of the miRNA is selected as a mature miRNA while the second one is degraded. Mature miRNAs negatively regulate gene expression via translational repression. In mammalian cells, most miRNAs have imperfect ability to target mRNAs resulting in reduced expression of the corresponding proteins.

5. MicroRNA Regulatory Role in Bone Biology {#sec5}
===========================================

The onset of osteoporosis has been attributed to decreased osteoblast function and/or increased osteoclast activity. A significant number of miRNAs \[[@B57]--[@B63]\] have been reported to be involved in osteoblast differentiation and bone formation. For instance, miRNA-2861 promotes osteogenesis by targeting the genes encoding for histone deacetylase 5 (HDAC5) \[[@B64]\] and transcriptor factor homeobox protein (Hoxa2) \[[@B65]\]. HDAC5 is an enzyme, which plays a critical role in transcriptional regulation, cell cycle progression, and developmental events. Histone acetylation/deacetylation alters chromosomal structure and affects transcription factor access to DNA. Hoxa2 is a protein and a member of a class of transcription factors called homeobox genes and found in clusters named A, B, C, and D on four separate chromosomes. Expression of these proteins is spatially and temporally regulated during embryonic development. Contributing to bone formation, inducible brown adipogenesis is mediated by miRNA-196a by suppressing the expression of the white-fat gene Hoxc8 \[[@B7], [@B66]\]. Osteoblastic differentiation is downregulated by miRNA-125b by targeting osteocalcin \[[@B58]\] and human epidermal growth factor receptor-2 (ERB*β*2) \[[@B58]\]. Canonical Wnt signaling, which is increased during osteoblastic differentiation, induces the expression of miRNA-29a with subsequent suppression of osteonectin \[[@B62]\]. Signaling of this last pathway is stimulated in mature osteoblasts, which is anabolic for bone by targeting Dickkopf-related protein 1 (DKK1) by miRNA-335 \[[@B67], [@B68]\]. DKK1 is a negative regulator of Wnt signaling. Inhibition of osteoprogenitors has been shown to be linked to attenuation of Runx2 and Smad5 by miRNA-133 and miRNA-135, respectively \[[@B60], [@B69]\]. Alternatively promotion of osteogenesis can be induced by downregulation of known inhibitors of osteoblast differentiation, namely, HDAC4, TGF*β*3, activin receptor type 2A (ACVR2A), beta-catenin-interaction protein 1 (CTNNBIP1), and dual specificity protein phosphatase 2 (DUSP2) by miRNA-29b \[[@B70]\]. ACVR2A is a protein and receptor and belongs to the TGF*β* superfamily of structurally related signaling pathways. CTNNBIP1 prevents the interaction with T-cell transcriptor factor (TCF) and thus a negative regulator of Wnt signaling. DUSP2 is an enzyme that inactivates phosphorylation of serines and threonines on its targets and thus involved in MAPK/ERK, SAPK/JNK, and p38 signaling pathways. PTK2 and osterix, which are proteins highly expressed in human MSC, are the target of miRNA-138. miRNA-138 inhibits the osteoblast focal adhesion kinase pathway and osterix, which is required for osteoblast differentiation \[[@B71]\]. BMP/activin membrane-bound inhibitor homolog (BAMBI) is a protein related to the type-I receptors of the TGF*β* family and in conjunction with cysteine-rich motor neuron-1 protein (CRIM1) are targets of miRNA-20a, increasing BMP signaling by targeting antagonists of the pathway, in addition to targeting PPAR*γ* which represses adipogenesis \[[@B72]\]. Activating transcription factor 4 (ATF4), a gene encoding one of the main proteins required for osteoblast function, is a target for miRNA-214. Osterix is the target of miRNA-637, which promotes adipogenesis and inhibits osteoblast differentiation via osterix downregulation \[[@B73]\]. Thus, as the biology of osteoblastogenesis by growth factors and inhibitors is complex in nature, its regulation by miRNAs is equally intricate and provides valuable information regarding pathways potentially affected during early and late HIV infection. Noteworthy to mention is that an effect on osteoblastogenesis translates into a potential effect in osteoclastogenesis due to the nature of osteoblast bone biology.

Three microRNAs, namely, miR-96, miR-124, and miR-199a, are differentially expressed during mesenchymal lineage commitment in mouse MSCs \[[@B74], [@B75]\]. In humans miR-138 was found downregulated during osteogenesis \[[@B71]\]. In cell culture models microRNA expression during osteoblastic differentiation has been documented \[[@B60], [@B70], [@B76]\]. The overall outcome from such studies is that BMP2 controls the switch between muscle and bone formation by regulating miRNA expression \[[@B60]\]. Among the miRNAs involved are miR-133 and miR-135, both collectively suppressing RUNX2 and SMAD5. This last effect of BMP2 allows the flow of the BMP2-RUNX2-SMAD axis toward osteoblast differentiation \[[@B60]\]. When cell cultures of precommitted cells are used instead of during lineage commitment, the story is a bit different, with the identification of miR-29 and miR-26 involved in the production of extracellular matrix collagens type I, IV, and V. Moreover, miR-29 seems to be involved in osteoblast maturation by regulating the TGF*β* pathway and Wnt and MAPK signaling and by downregulation of HDAC4 \[[@B64]\]. This last observation, namely, an effect on TGF*β*, Wnt, and MAPK pathways by miRNAs, has been recently documented in humans and discussed further under last section \[[@B77]\].Transcriptional suppression of the miR cluster 23a-27a-24-2 by RUNX2 promotes osteoblastogenesis. Another pathway identified as promoting osteoblast differentiation is the enhancement of Wnt signaling via miR-218 \[[@B42]\].

The best studied miRNAs that are involved in differentiation of osteoclasts are miR-21, miR-155, and miR-223 \[[@B41], [@B76], [@B78]--[@B80]\]. Expression of miRNA-21 was reported to be controlled by the transcription factor c-Fos \[[@B76]\], where RANKL-induced c-Fos upregulation of miRNA-21 downregulates programmed cell death protein 4 (PDCD4) expression levels. In a cell line RAW264.7 an osteoclast precursor, miRNA-223 was found to play a role in osteoclast differentiation. PU.1, a transcription factor induced by M-CSF, stimulates the expression of miRNA-223, which in turn downregulates the NFI-A levels required for upregulating macrophage colony-stimulating factor receptor (M-CSFR) \[[@B7], [@B66], [@B79], [@B80]\]. PU.1 selectively regulates genes during osteoclast differentiation. The result of this is the increased expression of transcription factors PU.1, MITF, and c-Fos. The increases are induced by M-CSF and RANKL through upregulated M-CSFR and RANK with the consequent differentiation of cells into activated osteoclasts. The paradoxical results of miR-223 being both supportive and inhibitory for osteoclastogenesis are reminiscent of the opposing results for miR-2018 which enhances osteoblastogenesis while attenuating the bone-specific activity of RUNX2. In both cases, negative feedback circuits may be triggered to prevent precocious differentiation or to avoid hypercatalytic differentiation of bone cells, which in each case would perturb normal bone deposition and remodeling \[[@B44]\]. In human circulating monocytes, miRNA-133a has been identified as a biomarker associated with postmenopausal osteoporosis \[[@B81]\]. Despite the role of estrogens in this particular study, miRNA-133a should be further investigated. The V-maf musculoaponeurotic fibrosarcoma oncogene homolog B (MAFB) transcription factor, which negatively regulates RANKL-induced osteoclastogenesis, is regulated by miRNA-148a \[[@B43]\]. Therefore, the biology of osteoclastogenesis is just as complex as that for osteoblastogenesis, is in part dependent on the biology of osteoblasts, and thus, not surprisingly, highly regulated by specific miRNAs which may be affected during HIV infection.

6. HIV and Bone Biology {#sec6}
=======================

The reported prevalence of osteopenia in HIV-infected cohorts has ranged from 22% to 71% with rates of osteoporosis varying from 3% to 33% \[[@B83]--[@B89]\]. The pathogenesis of osteoporosis in HIV infection is multifactorial including traditional factors such as smoking and alcohol. However, as mentioned in the introduction, a recent study has elegantly ruled out comorbidities and the influence of smoking and alcohol \[[@B8]\]. Thus, the viral infection itself is involved in the pathogenesis. Indeed another recent publication analyzed the expression level of 754 miRNAs of 10 HIV seropositive and 10 seronegative individuals. Algorithms were employed to predict potential target genes and pathway analysis. A total of 56 significantly differentially expressed miRNAs were identified by microarray. Among them, 49 miRNAs were downregulated and 7 were upregulated in the seropositive patients. Predicted target genes were mainly involved with MAPK, TGF*β*, and Wnt pathways \[[@B77]\]. Therefore, the work in the area of the role of miRNAs in osteoblastogenesis and osteoclastogenesis is starting to provide some fruit in view of the findings in the study cited above \[[@B77]\].

Proinflammatory cytokines released during HIV infection include TNF*α* \[[@B90]\] and OPG which affect osteoblast and osteoclast development \[[@B91], [@B92]\]. Studies support the notion of HIV proteins favoring osteoclast activation \[[@B93]\] by affecting the axis comprised of OPG-RANK-RANKL \[[@B93], [@B94]\]. HIV viral protein R (Vpr) and HIV envelope glycoprotein, gp120 can both upregulate RANKL \[[@B95], [@B96]\]. HIV infection upregulates TNF-related apoptosis-inducing ligand (TRAIL) which in turn binds to OPG, limiting the capacity of OPG to regulate RANKL-induced osteoclast activation \[[@B97], [@B98]\].

The following events are noteworthy to mention because of their association with osteoclastogenesis. For instance, osteoclastogenesis is facilitated by RANK signaling of tumor necrosis factor-receptor associated factor 6 (TRAF-6) phosphorylation of JNK and Akt \[[@B49], [@B99]\]. Activation of extracellular-signal-regulated kinases (ERK) signaling by RANKL has been documented and mediated by gp120 \[[@B95]\]. Increased osteoclast viability has been postulated to occur due to a lack of response to oxidative stress in mitochondria, \[[@B100]\] preventing apoptotic cell death in HIV. TNF*α* has also been shown to induce apoptosis of osteoblasts as a result of HIV infection, potentiating bone loss \[[@B90]\].

7. Summary {#sec7}
==========

During bone formation, subsets of miRNAs function at both early and late stages of osteoblast and osteoclast differentiation to regulate the expression of various growth factors and inhibitors of pathways operative in these cells. How numerous miRNAs involved in the control of bone formation and remodeling coordinate the activities of these pathways is an area of investigation. A current hypothesis postulates that all types of RNA transcripts comprise large-scale regulatory networks \[[@B101]\].

HIV infection results in a multitude of changes in infected cells. During periods of active viral replication, these changes occur in multiple classes of molecules, including mRNAs and proteins \[[@B102], [@B103]\]. Small RNAs constitute an additional class of molecules whose expression is likely to be altered by HIV infection. Among the best-characterized types of small RNAs are microRNAs, single-stranded RNA molecules discussed above. HIV infection has been shown to alter microRNAs expression both in cultured cells and in peripheral blood mononuclear cells \[[@B104], [@B105]\]. Next-generation sequencing of small RNAs from HIV-infected cells has identified phased microRNA expression patterns and candidate novel microRNAs differentially expressed upon infection \[[@B106]\] for future investigation.
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